participants/materials, setting, methods: With a sample of 192 men, multiprobe fluorescence in situ hybridization for chromosomes X, Y and 18 was used to determine XX, YY, XY and total sex chromosome disomy in sperm nuclei. Sperm concentration and motility were measured using computer-assisted sperm analysis; morphology was scored using strict criteria. Logistic regression models were used to evaluate the odds of abnormal semen parameters [as defined by World Health Organization (WHO)] as a function of sperm sex chromosome disomy.
Introduction
It has been estimated that infertility affects roughly 15% of couples worldwide and that, in about half of these cases, male infertility is the primary contributing factor (de Kretser, 1997) . To fully understand male factor infertility, elucidation of the biological and genetic factors required for normal sperm development and function is necessary. The process of spermatogenesis involves different stages including premeiotic divisions, meiosis and spermiogenesis. During premeiotic divisions and meiosis, successful chromosome segregation is essential, and it is during these phases that aneuploid sperm can arise. After meiosis is complete, sperm gain their characteristic shape, mobility and the ability to fertilize an egg. It is probable that underlying meiotic problems, such as sex chromosome disomy, have direct impacts on semen parameters.
Genetic abnormalities are thought to account for 15-30% of male infertility (Ferlin et al., 2007) .
For example, X and Y chromosomes contain genes that have been implicated in a number of spermatogenic disorders (Diemer and Desjardins, 1999) ; examples of such sex chromosome-linked disorders include X chromosome androgen receptor gene mutations and Y chromosome deletions in azoospermia factor region genes, both of which are associated with decreased semen concentration (Vogt, 1998; O'Brien et al., 2010) .
Chromosomal abnormalities, including translocations, have been shown to have variable effects on fertility, ranging from normal spermatogenesis to the inability to produce spermatogonia (Gianaroli et al., 2002; Georgiou et al., 2006) , and are 4-10 times more prevalent among men with abnormal semen parameters when compared with those with normal semen parameters (Mak and Jarvi, 1996; Meschede et al., 1998) . Abnormalities in the Y chromosome, such as microdeletions, are associated with male infertility, and Y microdeletions are more prevalent in azoospermic (10-15%) and oligozoospermic (concentration ,20 million/ml; 5-10%) men (Foresta et al., 2001; Dohle et al., 2002) . Aneuploidy, or an incorrect number of chromosomes, is the most common type of chromosomal abnormality, and sex chromosome trisomy is the most common type of aneuploidy at birth (Wyrobek, 1995) . Numerous studies have reported a correlation between sperm disomy and male infertility in men with abnormal karyotypes; however, it has only been shown in the last 10 years that men with normal karyotypes but compromised semen parameters have increased levels of sperm aneuploidy (Shi and Martin, 2001) , although uncertainty still remains.
Oligozoospermia, having a semen concentration ,20 million/ml, has been hypothesized to be the semen abnormality most strongly associated with an increased frequency of sperm chromosome abnormalities, when compared with asthenozoospermia (,50% motile sperm) and teratozoospermia (,4% morphologically normal sperm; Martin et al., 1996; Vegetti et al., 2000; Martin et al., 2003) . Men with severe oligozoospermia (concentration ,1 million/ml) have increased frequencies of sex chromosome disomy compared with normal controls and men with mild oligozoospermia (1-19 million/ ml; Martin et al., 2003; Miharu, 2005) . Men with asthenozoospermia have an increased frequency of disomy compared with normal fertile controls (Hristova et al., 2002; Bernardini et al., 2005; Collodel et al., 2007) . Lastly, men with teratozoospermia show a small but significant increase in aneuploidy for some chromosomes (including sex chromosomes), when compared with normal controls (Calogero et al., 2001; Harkonen et al., 2001; Templado et al., 2002; Machev et al., 2005; Sun et al., 2006) . Most aneuploidy studies to date have identified a significant increase in aneuploidy in men with abnormal semen parameters; however, two early studies reported no association (Miharu et al., 1994; Guttenbach et al., 1997) .
For infertile men, it is common to have abnormalities in one or even all three semen parameters. The prevalence of oligoasthenoteratozoospermia (OAT; concentration ,20 million/ml, ,50% motile, ,4% normal morphology) in infertile men was found to be as high as 30% (Hirsh, 2003) . Therefore, assessing the independent association of sex chromosome disomy with each specific semen parameter is often difficult because of co-occurrence of abnormal semen parameters. In numerous sperm aneuploidy studies, subjects have been specifically selected, or populations have been restricted, so as to only include men with the abnormal semen parameter(s) of interest. The main limitations of these studies are small sample size (≤30 men), a small number of sperm nuclei scored and an inability to assess all relevant semen parameters. In addition, most of the published literature has employed univariate analyses to make comparisons between mean aneuploidy rates in men with abnormal semen parameters versus normal controls. Few studies have included adequate control for potential confounding variables in adjusted analyses.
The objective of this study was to understand the association of sex chromosome disomy with sperm concentration, motility and morphology, in a large sample of men spanning the continuum of semen parameters, from normal to OAT, with appropriate adjustment for potential confounders.
Sperm sex chromosome disomy and semen parameters
Materials and Methods

Subjects
We evaluated a subset of participants enrolled in a parent study assessing the impact of environmental exposures on male semen quality. Men aged 20 -54 from couples seeking infertility evaluation from the Massachusetts General Hospital (MGH) Fertility Center between January 2000 and May 2003 were eligible for this parent study. Sixty-five percent of eligible men agreed to participate, giving 341 participants. Most men who declined participation cited lack of time on the day of the clinic visit as their reason for non-participation. Men were excluded from the parent study if they were presenting for post-vasectomy semen analysis and/or receiving treatment for infertility (i.e. hormonal treatments). Each participant completed a selfadministered questionnaire which requested information on race/ethnicity, medical and fertility history and lifestyle factors. Men were eligible for our substudy if a semen sample was available for fluorescence in situ hybridization (FISH) analysis. Semen sample availability was based on whether an aliquot of sample was available for use from the biorepository, as this cohort has been used for other semen analysis research. Of the 341 eligible men in the parent study, sufficient semen sample was available for 192 (56%) men. There were no other additional eligibility requirements. Information on the female partner's fertility status was not obtained. Both the parent study and this study were approved by the Harvard School of Public Health and MGH Human Subjects Committees. All subjects signed an informed consent form prior to participation.
Semen analysis
All subjects were asked to abstain from ejaculation for 48 h prior to giving a single semen sample by masturbation. Samples were liquefied at 378C for 20 min before analysis. Analysis of fresh samples took place at the MGH Andrology Laboratory. The volume, pH, color and viscosity were determined for each fresh sample. Sperm counts and percentage motility were first determined manually, then measured by computer-aided sperm analysis (CASA) using the Hamilton -Thorn Motility Analyzer (10HTM-IVO). (Grades of progressive motility were not available for this study population.) A minimum of 200 sperm from four different fields were analyzed for each sample. CASA provides data on rapid and linear motile sperm (%), velocity of average path (mm/s), amplitude of lateral head displacement (mm), linearity and other sperm movement characteristics. Each sample was prepared on two slides for morphological assessment using a Nikon microscope with an oil immersion 100× objective (Nikon Company, Tokyo, Japan). Sperm were scored as normal or abnormal using the Kruger strict criteria (Kruger et al., 1988) .
X -Y-18 sperm FISH
A single study investigator (M.E.M.) performed FISH, imaging and nuclei scoring analyses on frozen aliquots of all samples. The investigator was blinded to semen parameters and covariate status while preparing and analyzing all samples. FISH was carried out for chromosomes X, Y and 18 using Vysis probes (Vysis, Downers Grove, IL, USA). Chromosome 18 was used as an autosomal control. These methods have been described in detail (Perry et al., 2011) .
Microscopy and semi-automated scoring criteria
Slides were imaged by wide-field fluorescence microscopy using a BD Pathway 855 Bioimager and Atto Vision imaging software (BD Biosciences, San Jose, CA, USA), with a 40×/0.90 air objective (Olympus, Center Valley, PA, USA). From each slide, 384 non-overlapping image fields were acquired, each consisting of one nuclear (4 ′ ,6-diamidino-2-phenylindole) and three probe (X, Y and 18) channel images. Image processing, segmentation, classification and scoring were performed using custom image processing and analysis software developed in MATLAB w (The Mathworks, Inc., Natick, MA, USA). Classification and scoring algorithms used were designed based on the scoring criteria described by Baumgartner et al. (1999) . The overall hybridization efficiency was 97% and is consistent with the hybridization efficiency reported by other groups (Martin et al., 1996; Johannisson et al., 2002; Tiido et al., 2005) . Further details on these methods have been previously described by Perry et al. (2011) .
Statistical analysis
We explored the relationship between disomy (1818, XX18, YY18, XY18 and total sex chromosome disomy) and abnormal semen parameters (sperm concentration, motility and morphology). World Health Organization (WHO) cutoff criteria were used to categorize abnormal sperm concentration (≤20 million/ml), motility (≤50% motile) and morphology (≤4% normal; WHO, 1999) . The Wilcoxon rank-sum tests were used to compare the distribution of age and BMI across groups with abnormal semen parameters, dichotomized using WHO reference values for sperm concentration (,20 million/ml) and motility (,50% motile sperm) and Kruger strict criteria for morphology (,4% normal sperm). x 2 tests were used to compare categorical variables (abstinence time, smoking status and race) across semen parameter groups. In preliminary analyses, scatterplots and the Spearman correlation coefficients were used to explore the relationships among sex chromosome disomy and semen parameter measures.
In our primary analysis, multivariate logistic regression models were constructed based on abnormal semen parameters as defined above. A logistic regression model was also used to evaluate the increase in the odds of a man having two abnormal semen parameters for each 0.1% increase in sex chromosome disomy. A comparison (control) group was constructed consisting of men who had normal levels of all three semen parameters. In secondary analyses, linear regression models were constructed to evaluate semen parameters on a continuous scale. Because sperm concentration was highly skewed, it was log transformed in linear models. Separate models were constructed for each semen parameter for both multivariate logistic regression models and multiple linear regression models.
Age, abstinence time and smoking status were included in all models based on a priori assumptions about their likely associations with aneuploidy or semen parameters (Blackwell and Zaneveld, 1992; Vine, 1996; Hassan and Killick, 2003) . Other potential confounding variables assessed were race and BMI. Inclusion of race and BMI in final models was based on a change of at least 10% in estimated association with sperm sex disomy. In regression models, age was modeled as a continuous variable, abstinence time as an ordinal three-category variable (≤2, 3-4, ≥5 days) and smoking status as a dummy variable (never versus current or former). We conducted two sensitivity analyses to ensure robustness of results; one sensitivity analysis excluded three men with extremely high disomy (.5%) and the other excluded men with ,1000 nuclei scored. Twosided P-values of ,0.05 were considered significant. Statistical Analysis Software (SAS) version 9.2 (SAS Institute Inc., Cary, NC, USA) was used for all data analyses.
Results
A majority of the 192 men were Caucasian (85%), with 3% African American and 4% Hispanic. Most men (75%) had never smoked, with 15 (8%) current smokers and 33 (17%) ex-smokers. The 192 participants in this study did not differ with respect to their demographic or semen parameter characteristics compared with those in the full parent study cohort (n ¼ 341; data not shown). Of these 192 men, 21 (11%) had a sperm concentration of , 20million/ml, 84 men (44%) had ,50% motile sperm and 35 men (18%) had ,4% normally shaped sperm (Table I) . Ninety-seven men (51%) had values above the WHO reference for all three semen parameters. The semen parameter categories were not mutually exclusive, in that a man could have any one, two or all three sperm parameter outcomes in the below-reference-value groups. Twelve men (6%) had OAT (all three semen parameters below WHO reference values). Table II highlights the differences in mean and median semen parameter values among men with normal and abnormal semen parameters based on WHO cutoff criteria. Co-occurrence of abnormal semen parameters was high, with 95% of men with abnormal semen concentration, 50% of men with abnormal motility and 74% of men with abnormal morphology having at least one other abnormal semen parameter.
A mean (SD) of 6691 (4644) and median of 5895 sperm nuclei were scored for each subject in this study. Table III provides the median rates of 1818 and sperm sex chromosome disomy in our study population overall and for those with one or more abnormal semen parameters and normal controls. The observed median rates of 1818, XX18, YY18, XY18 and total sex chromosome disomy were 0.04, 0.27, 0.30, 0.89 and 1.56%, respectively. The median percentage XY disomy for men with any two, and with all three, abnormal semen parameters was significantly higher than in controls (1.13 and 1.36%, respectively, versus 0.87%, P , 0.05; Table III and Fig. 1 ). The median percentage of XX disomy was also significantly higher for men with all three semen parameters abnormal compared with controls (0.43 versus 0.25%, P , 0.05), and the median percentage of total disomy was significantly higher among men with OAT than in controls (2.37 versus 1.52%, P , 0.05). No differences were observed for median percentage 1818 or YY disomy between controls and men with abnormal semen parameters. WHO sperm abnormality cutoff criteria: concentration (,20 million/ml), motility (,50% motile sperm) and morphology (,4% normal morphological sperm).
Semen concentration was highly correlated with motility (r ¼ 0.9, P , 0.01), and both semen concentration and motility were moderately correlated with morphology (0.3 ≤ r ≤ 0.4, P , 0.01). XY disomy was weakly, negatively correlated with both semen concentration (r ¼ 20.17, P , 0.05) and motility (r ¼ 20.14, P , 0.05). XX, YY and total sex chromosome disomy were not correlated with any of the semen parameters. Men with abnormal semen concentration were significantly more likely to be ever smokers than controls (P , 0.05). Men with low sperm motility were significantly less likely to be Caucasian than controls, and those with low sperm motility or concentration were significantly older than controls (mean age of 36.0 and 37.0 versus 34.6 years, respectively, Table I ).
The odds ratios (ORs) and 95% confidence intervals (CIs) of having semen parameters below the WHO reference for a 0.1% increase in sex chromosome disomy are presented in Table IV . After adjustment for smoking status, age and abstinence time, a 0.1% increase in XY disomy was associated with a 7% increase in the odds of a man having a semen concentration of ,20 million/ml compared with normal controls (OR: 1.07, 95% CI: 1.02 -1.13). Increases in XX, YY and total sex chromosome disomy were not associated with an increase in the odds of a man having abnormal semen parameters. In the linear regression model (data not shown), a 0.1% increase in XY disomy was associated with a 2% decrease in semen concentration; a similar pattern of findings was observed for XX, YY and total sex chromosome disomy, as in the logistic regression models. Age, smoking status and abstinence time were not significant covariates in logistic or linear regression models; however, they were retained in final models based on a priori assumptions. BMI and race did not meet the criteria of resulting in at least a 10% change in estimated associations and were not retained in either logistic or linear models.
We conducted sensitivity analyses after excluding three men with total sex chromosome disomy rates .5%, which far exceeded the current published ranges, to prevent undue statistical influence from these extreme values. In the reanalysis, the results remained essentially unchanged (data not shown). We also conducted a sensitivity analysis after excluding eight men with a total number of nuclei scored ,1000, as disomy estimates can be impacted by too few nuclei scored. In this reanalysis, the results also remained qualitatively unchanged (data not shown).
Discussion
To the best of our knowledge, this is the largest epidemiologic study to date which has investigated the association between sex chromosome disomy and semen parameters with appropriate adjustment for potential confounding variables. The results from our study show that an increase in XY disomy was associated with an increase in the odds of a man having abnormal semen concentration (,20 million/ml). Increases in XX, YY and total sex chromosome disomy were not associated with an increase in the odds of a man having abnormal semen parameters. In addition, autosomal chromosome disomy (1818) was not associated with abnormal semen parameters (Table IV) . Several studies have used multiprobe FISH to investigate whether there is an association between sperm sex chromosome disomy and semen concentration and motility and morphology. In a majority of studies, it has been shown that XX disomy is not significantly increased in men with abnormal semen parameters compared with normal controls, as reviewed in . For YY disomy, an equal number of studies have shown there to be an increase (Finkelstein et al., 1998; Pang et al., 1999; Rives et al., 1999; Ushijima et al., 2000; Calogero et al., 2001; Harkonen et al., 2001) or no observed difference (Moosani et al., 1995; Martin et al., 2000; Nishikawa et al., 2000; Ohashi et al., 2001; Hristova et al., 2002; Templado et al., 2002) in men with abnormal semen parameters compared with normal controls. In studies of total sex chromosome disomy, a majority have shown an increase in sex chromosome disomy associated with abnormal semen parameters when compared with normal controls (Aran et al., 1999; Colombero et al., 1999; Carrell et al., 2003) . All of these studies assessed disomy in populations of men attending fertility clinics, with small samples sizes of approximately ,30 men, using univariate analyses to investigate differences in mean or median disomy frequencies.
Consistent with our findings, most studies have found a statistically significant increase in XY disomy in men with abnormal semen parameters compared with normal controls . Martin et al. (2003) found a statistically significant increase in rates of XY disomy in men with decreasing semen concentration [0.25% (10 -19 million/ml), 1.04% (1-9 million/ml) and 0.68% (,1 million/ml)] in a population of 30 men attending a fertility clinic and selected for oligozoospermia, without adjustment for potential confounders. Additionally, Ohashi et al. (2001) , in a study of 20 candidates for ICSI with normal karyotype, found a significant 2-3-fold increase in frequency of XY sperm in men with severe oligozoospermia (,5 million/ml) compared with normal controls (0.41 compared with 0.18%); however, no difference in XY frequency was observed between oligozoospermia (5-20 million/ml) and normal controls (0.16 compared with 0.18%, respectively). Our findings indicate a roughly 2-fold increase in XY disomy among men with oligozoospermia (1.64 versus 0.87%), compared with normal controls. Additionally, in our multivariate analysis, we observed that a 0.1% level increase of XY disomy was associated with a 7% increase in the odds of having a below normal semen concentration (,20 million/ml). Lastly, a study by Faure et al. (2007) of 31 infertile men found that one-third (n ¼ 9) had an increased rate of XY disomy, ranging from 1.12 to 3.73%, which was three to nine times higher than the mean rate in the control population.
It has been shown that errors during the first meiotic division (meiosis I) result in XY disomy, whereas errors in the second meiotic division (meiosis II) result in XX or YY disomy (Griffin et al., 1995 (Griffin et al., , 1996 . Finkelstein et al. (1998) proposed that abnormal chromosome segregation in males with low-quality semen results from chromosome non-disjunction at the first meiotic division. During meiosis I, homologous chromosomes undergo synapsis, in which the chromosomes pair up and a synaptonemal complex (SC) forms between them. Along the SC is where recombination occurs, and numerous studies have shown that aberrant pairing in homologous sequences of nucleotides on the X and Y chromosomes is associated with XY disomy and failure of spermatogenesis, which can result in the loss of germ cells and subsequent infertility (Hassold et al., 1991; Schmid et al., 2003; Ferguson et al., 2007) . suggested that a common mechanism involving alterations in the mechanisms of the synapsis and/or recombination in the XY pairing region may be responsible for increased XY disomy and subsequent oligozoospermia. Another possible explanation for an association of increased XY disomy with decreased semen concentration is the presence of Y chromosome microdeletions. It has been shown that Y chromosome microdeletions are responsible for spermatogenic arrest and are associated with abnormal semen concentration (Balkan et al., 2008) . Ferlin et al. (2007) showed that men with increased Y chromosome microdeletions had a higher percentage of sperm with XY disomy, and these authors postulated that Y microdeletions interfere with the meiotic process, thus leading to non-disjunction of the XY tetrad. More research is needed to better understand whether Y chromosome microdeletions adversely impact pairing during synapsis and/or recombination during the first meiotic division. Sperm sex chromosome disomy and semen parameters
Many semen parameter studies use WHO cutoff criteria; however, these cutoff criteria may not fully define fertility status. A study by Guzick et al. (2001) determined that subfertile ranges for semen parameters were ,13.5 million/ml concentration, ,32% motile and ,9% normal morphology, whereas fertile ranges were .48 million/ ml concentration, .63% motile and .12% normal morphology. Men with semen parameters falling between these ranges were classified as having indeterminate fertility. Interestingly, Guzick et al. (2001) concluded that while these cutoffs helped to distinguish fertile from infertile, they were not powerful discriminators in that there was extensive overlap between fertile and infertile men within the three semen parameters. Although dichotomizing semen parameters based on WHO cutoff criteria may not be appropriate for determining fertility status (an outcome we were not attempting to assess in this research), we found similar results between our multivariate logistic regression models using dichotomous outcomes and multivariate linear regression models with continuous measures of semen quality.
A potential limitation of this study, as well as those currently in the published literature, is that it is cross-sectional. Cross-sectional analyses by nature do not lend themselves to inference about directionality for any observed associations; therefore, we cannot determine which variable is the cause and which one is the effect. We can, however, try to understand the association between variables in a time and cost-efficient manner by making use of data previously collected for other research purposes, which in this study was considered a major advantage.
Comparable associations were not observed among the sex chromosome disomies and semen parameters, i.e. the only significant association observed was between XY disomy and semen concentration. Because sex chromosome disomy is a rare event, it is susceptible to measurement error, which could decrease the precision of the effect estimate but would not bias the results. Importantly, XY disomy was the most common disomy type and showed the most consistent relationship. XX and YY occurred less frequently than XY; less consistent associations with XX or YY may, in part, relate to greater measurement error for these even rarer events. Or, as previously mentioned, this difference might be related to the different underlying mechanism(s) of the action of errors in meiosis I versus meiosis II.
The men in this study spanned the semen parameter continuum. In prior studies of aneuploidy and semen parameters, men with particularly extreme semen parameters (e.g. OAT) were only selected, therefore potentially limiting generalizability of study findings. We believe that our study population, which includes men with more modest semen parameter abnormalities, may increase the generalizability of our study findings; however, replication in other populations is necessary to confirm this. Additionally, because each man in our study presented to a fertility clinic as a partner of a subfertile couple, information on the female partner's fertility status could further inform the male's fertility profile.
A major strength of this research was the use of a validated semiautomated method for counting disomic sperm because it allowed for objective processing of a large number of samples. We believe that there is a high level of internal validity in our study because a single laboratory technician was responsible for processing all samples. Although it is possible that our method inflated our disomy rates, previous validation studies did not find differences between manual scoring and our semi-automated counting method (Perry et al., 2007 (Perry et al., , 2011 . Three other published papers have highlighted the use of automated methods for detecting aneuploidy in sperm. Carrell and Emery (2008) found no significant difference between rates of aneuploidy (chromosomes 13, 18, 21, X and Y) from 10 donors comparing manual and automated methods. Molina et al. (2009) found that roughly 97% of their comparisons between automated and manual methods were concordant. However, some significant differences were observed in mean sex chromosome disomy, with automated methods producing higher sex chromosome disomy frequencies (0.43 manual versus 0.56 automated). Lastly, Tempest et al. (2010) found a statistically significant correlation between manual and automated approaches for scoring sex chromosome sperm disomy (XX18, YY18, XY18, X1818 and Y1818). Continued work in optimizing, validating and replicating automated methods is needed (Levsky and Singer, 2003) ; however, the current validation studies, some including large samples sizes, using different scoring systems show much promise for automated methods providing comparable aneuploidy frequencies.
In summary, we explored the relationship between human sperm sex chromosome disomy and semen parameters. To the best of our knowledge, this is the largest study to date to evaluate this relationship in multivariate models that include potential confounding variables. The results from our study are consistent with prior findings. For example, results of our analyses unadjusted for potential confounding variables (and thus parallel to most other studies) showed a significant increased median percentage of XY disomy in men abnormal in any two, or all three semen parameters, and an increase in median percentage of XX disomy for men abnormal in all three semen parameters compared with normal controls. In logistic regression models adjusted for potential cofounders, we found that an increase in XY disomy was associated with a small but significant increase in the odds of a man having abnormal semen concentration compared with normal controls; however, this finding may be sensitive to the fact that a majority of the men with abnormal semen concentration also had co-occurrence of other semen parameter abnormalities, an inherent limitation of semen parameter studies. Increases in XX, YY and total sex chromosome disomy were not associated with increased odds of having abnormal semen parameters. Our findings suggest that more research is needed to fully understand the underlying mechanism(s), as well as potential risk factors, associating increased XY disomy with decreased semen concentration, both factors that can be important correlates of impaired male fertility. the interpretation of the results and writing the manuscript. R.D. performed semen analysis, sample retrieval for FISH and reviewed the manuscript. M.J.P. collaborated in the design of the study and analysis, directed the laboratory that performed FISH and collaborated on the interpretation of the results and writing the manuscript.
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